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ABSTRACT Internet of Underwater things (IoUT) is growing into one of the most important research
interests since the last few decades. The primary objective of IoUT is to develop a worldwide network of
smart underwater-interconnected objects. It has wide-ranging aquatic applications, including surveillance,
pollution reduction, monitoring offshore oil and gas pipelines, disaster prevention, and navigation assistance,
making it as important as a terrestrial communication system. The underwater communication channel
poses unique acoustic communication challenges that suffer from long propagation delay, low bandwidth,
multipath, and fading. IoUT significantly differs from the conventional Internet of Things (IoT) due to
disparate environmental conditions under the ocean that require re-designing the underwater communication
channel model. In addition to the challenges mentioned above, end-to-end delay and efficient energy
utilization are also of great concern. Therefore, in this research paper, diverse attributes of underwater
acoustic communication, including the speed of sound, transmission loss, absorption, and ambient noise, are
analyzed to design a channel model for underwater communication. These environmental conditions also
make underwater acoustic channels highly variable, so efficient resources, including bandwidth and power,
are required. Adaptive modulation is proposed to make the communications system efficient by considering
the distance between nodes and the signal-to-noise ratio as channel state information. The proposed channel
model critically analyzed the CSI factors, results show efficient bandwidth utilization and appropriate power
consumption for the well-suited route. The proposed research also aims to reduce end-to-end propagation
delay by considering vertical angle-based shortest path (efficient route) in the Multilevel rotating priority
MRP-routing algorithm.

INDEX TERMS Bit error rate (BER), Internet of Things (IoT), packet error rate (PER), signal to noise ratio
(SNR), Internet of Underwater Things (IoUT).

I. INTRODUCTION

The IoT is defined as integrating people, processes, and
technology with sensors to achieve diverse targets. These
targets include remote monitoring, smart cities, grid, retail,
supply chain, and smart farming [1], [2]. Internet of Under-
water things (IoUT) is an emerging class of IoT to introduce
underwater smart technology integration. Moreover, it is also
expressed in terms of a network comprised of smart under-
water objects in interconnected form [1]. National Oceanic
and Atmospheric Administration in 2015 found out that 95%
of the underwater is still unexplored [3]. Therefore, during
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the last decade, IoUT has gained a valuable interest owing
to the reason that two-thirds of the earth’s surface is covered
by water [4]. To explore the vast volume of the ocean, smart
technology is deployed for underwater communication. The
underwater phone is the first device that has been used for
this purpose in the past [5].

In underwater communication, signals are propagated via
electromagnetic waves, optical waves, and acoustic waves.
Electromagnetic waves are mainly affected by attenuation in
the water [6]. To overcome this problem, a large size antenna
and transmission power at the maximum rate are required [7].
Optical waves are suitable for short-range communication
because they scatter and get absorbed rapidly during water
propagation. These waves are used to obtain high data rate
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communications (Gbit/s) at short distances [8]. Acoustic
waves are less affected by signal absorption as compared to
optical and radio waves. Hence, they are more suitable for
long-range distances and reliable data transmission [8]. IoUT
based applications make underwater acoustic communication
systems as important as the terrestrial communication sys-
tem. To make these applications feasible, underwater acoustic
channels need to be characterized. The characteristics of
water are different for deep and shallow water. In oceanic
literature, the term ‘shallow water’ is referred to water with
a depth lower than 100 m, while for deeper oceans, the
term ‘deep water’ is used [9]. The channel conditions in the
underwater network are variable due to the water current
that leads to a variable bit error rate (BER). These types of
channels characteristics have a substantial impact on reliable
data transmission.

Generally, worst channel conditions are considered to
ensure reliable transmission, but this leads to lower data rates.
Underwater nodes have limited energy resources as they need
high transmission power. Communication at a lower data
rate leads to a significantly higher energy consumption per
bit than that is practically possible. To address this issue,
many schemes have been proposed in the last couple of years.
In [10], researchers proposed an adaptive modulation scheme
based on the Bayesian interference algorithm. In [11], [12],
authors developed machine learning-based adaptive modula-
tion to resolve this issue. An efficient adaptive scheme using
frequency in the neural network [13] and context-aware link
adaption [14] has been presented for the physical layer to
ensure link reliability and a high data rate. However, channel
state information (CSI) at the available receiver is not consid-
ered for the link adaption in the techniques mentioned earlier.
To calculate CSI, an accurate acoustic communication link
and channel model is needed to be developed by taking into
account all real factors.

Acoustic communication link of the underwater environ-
ment has recently been developed, but it has been imple-
mented in different simulators for specific experiments [13].
Hence, it is difficult for other researchers to regenerate results
or compare new protocols to previously published work pre-
cisely. In [14], an efficient acoustic communication link is
modeled in network simulation tools (NS2). But they did not
consider the fading and multipath arrivals of the underwater
signal in establishing the link, which are the key factors to be
considered in the current communication scenario.

To design a communication system, it is important to have
an accurate understanding of the communication channel.
It assists in developing signal processing-based techniques
and also in the testing and verification of the techniques.
In [15], A mathematical model for the underwater channel
is developed by considering a few of the real noises that exist
in an aquatic environment. Thus, the underwater model is not
realistic as it does not consider most of the present noise in
the aquatic environment, for example, the noise created by the
sea waves and the sea creatures. In [16], an analytical model
is developed but it does not draw a conclusion for energy
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consumption between two nodes which is very important
to analyze the system efficiency. In [17], the relationships
between capacity and distance are investigated by mathe-
matical communication model, but it does not provide link
budget analysis. In [18], researchers have developed models
for the deep-water channel by considering very limited mea-
surements. An analytical channel model for shallow water is
presented in [19]. In this research work, we propose acous-
tic communication links of underwater by considering both
time variability and multipath effects for underwater acoustic
communication to deal with the above-mentioned problems.
Information cached by autonomous unmanned vehi-
cles (AUVs) in safety, environmental monitoring, and emer-
gency applications is crucial. Reliability and latency-sensitive
data collection techniques support to meet the smart ocean
trends. Earlier data collection techniques and Age of Informa-
tion (AOI) based optimization approaches are limited to land-
based Internet of things (IoT) networks. This is because water
has different properties and dynamics, so land-based IoT
technologies cannot be stretched to implement in underwater
IoT-based systems. In [20], an adaptive, lightweight compu-
tational algorithm is presented for two kinds of AUVs that
adjust the upper limit of queuing length to ensure the data’s
freshness. In [21], they provided an analytical solution as a
closed-form to determine the outage probability of peak Aol
in D/G/1/0c0 queuing systems. In [22], the authors presented
an efficient algorithm that finds the best path to achieve data
freshness but at the cost of delay to cache the information.
The critical challenge in underwater wireless sensor net-
works (UWSN) is network lifetime stretching and reduction
of end-to-end delay for long-term monitoring applications.
Underwater network maintenance and replacement by means
of the ship are too costly, so it is desirable to have UWSN
functioning for a long lifetime. To overcome this issue,
priority rotation-based protocol and opportunistic (OR) pro-
tocols are currently used but are basically designed for static
network topologies. In the case of a dynamic network, some
nodes may have high demands to provide service, and due to
excessive priority rotations, they can exhaust their batteries.
As a result, the network lifetime becomes short, and the per-
formance of the application is compromised. Energy Balanc-
ing Protocol (EnOR) protocol is proposed [23], which rotates
the forwarding priority level of the candidate node to achieve
abalanced energy utilisation. This balanced energy utilization
is not followed in other OR routing protocols. The limitation
of this technique is that it does not reduce end-to-end delay.
In acoustic communication, end-to-end delay is based on
propagation delay, mainly caused by horizontal communica-
tion links between the sensor nodes on the same depth level,
leading to a longer routing path. Therefore, propagation delay
is to be reduced by reducing the propagation distance. For this
reason, here it is proposed to selects the next forwarding node
mechanism. Forwarding node selection is based on the angle
between the direction of propagation and its perpendicular.
This angle should be smaller than 180 degrees and greater
than zero. The triangular inequality theorem supports that the
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route having an angle in the range 0 to 180 degrees is shorter
than the horizontal mean angle nearer to 90 degrees, leading
to a smaller propagation distance. Consequently, there is
less propagation loss. So, the idea of a smaller propagation
distance is being suggested to avoid propagation delay.

Moreover, underwater nodes are often battery-operated,
and acoustic modems operate in half-duplex mode. It is
extremely important to design an energy-efficient communi-
cation system. To adopt a modulation scheme according to
the channel condition is a key solution to make the commu-
nication system energy efficient and maximize its channel
capacity. Conventionally, Signal to Noise (SNR) is consid-
ered a CSI parameter to find the link quality. To consider
nearby node distance (as it is variable), in addition to SNR as
a parameter of CSI, is one novel aspect of this research. Hence
proposed acoustic channel model for the perception layer
of IoUT is presented in this paper, which has the following
contributions in the research field.

1. To calculate link reliability by considering various
factors and their impact on IoUT.

2. Critical analysis of the CSI factor is done to reduce the
number of re-transmissions.

3. To conform less propagation delay by considering ver-
tical angle-based shortest path and achieving reliable
communication.

4. Multilevel rotating priority MRP-routing algorithm
ensures efficient bandwidth utilization and proper
power consumption for the appropriate route.

The rest of the paper is organised as follows: Section 2
presents the proposed scheme for the underwater acoustic
link. Section 3 presents the channel modelling for underwater
acoustic (UWA) communication. A comprehensive mathe-
matical model for underwater acoustic communication is
presented to investigate power consumptions trade-off with
transmission range and provide link budget analysis and CSI
for deep and shallow water. Experimental results are also
provided to validate the channel model based on commer-
cially available modems, i.e., Link Quest UWM 1000 for shal-
low and Link Quest UWM10000 for deep water. Section 5
presents the assessment and performance evaluation of the
proposed model, and finally, section 6 concluded this research
work.

Il. PROPOSED SCHEME
Figure 1 shows the complete process of communication. The
sender generates a message, encodes it with any encoding
scheme, and passes it on the channel. Channel noise may
be added. On receiving side, the decoder decodes it, and the
receiver uses it if it is error-free and sends ACK to the sender
in case of successful transmission and NACK in otherwise.
The same analogy is true for underwater communication. Its
communication model consists of three layers.

Figure 2 shows the system model of underwater commu-
nication. This system mainly shows two components, i-e,
Transmitter, and Receiver. The flow of information on the
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transmitter side will be from the application layer to the
network and then to the perception layer. On the receiver side,
it will be from the perception layer to the network and then to
the application layer. The components of the perception layer
are set up sparsely because their deployment is costly [21].
These sensors sense, store, and forward the upcoming infor-
mation to sink nodes at the network layer. The network
layer receives information from the perception layer and then
transmits it to the application layer. Application Layer is
responsible for providing service by using available concern-
ing intelligent solutions. At the perception layer, the acoustic
channel shows that all communication is carried out under-
water. For communication purposes, the perception layer
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uses different types of underwater sensors (UW-sensors),
such as Acoustic Tag, Radio Tag, and PIT Tag. It also uses
hydrophones, nano-sensors, and UAVs. UW-sensors nodes
require more storage capacity as compared to the terrestrial
sensor nodes because UW-sensors require caching due to the
irregular nature of the communication channel [7].

The basic architecture of the UW-sensor node is shown
in Figure 3. It mainly consists of controller/CPU, acoustic
modem, power supply, sensor or oceanographic instrument
memory, and interfacing circuitry. The acoustic node operates
in half-duplex mode. Controller gets data from the sensor and
processes it. It can store data at an onboard memory unit for
future correspondence.

The sensor node can transmit processed data on the net-
work by switching modem to transmit mode. This whole
electronic circuitry is mounted on a frame protected by
Poly Vinyl Chloride (PVC) due to underwater environmental
conditions.

Underwater acoustic channel quality may vary within very
small time intervals [24]. This nature of the UWA channel
causes large BER. A research study reveals that the aver-
age SNR of a UWA channel is nearly 9 ~ 5.7 dB for the
time duration of 0.5 minutes, and it is nearly 9 ~ 3.5 dB
for a time duration of less than 1.5 minutes [25]. Many
factors are involved that directly affect the communication
performance of underwater acoustic channels. These fac-
tors include path loss, noise, multipath, and Doppler spread.

Packet loss and high error probability in the acoustic channel
are the results of the factors mentioned earlier [26]. The
underwater environment is complex and dynamic. The rapid
change in its environmental conditions makes the transmis-
sion channel more complicated. UWA channel modeling is
difficult and complex because the UWA channel is time-
varying and frequency-dependent. Moreover, an analytical
study shows that the soundscape in warm shallow water is
spontaneous [27]. These unique features make the Gaussian
noise process impractical for their characterization while
it is very suitable for digital RF communication systems.
Establishing a UWA link is relatively challenging due to
the factors like multipath propagation, absorption, scattering,
water-salinity, dispersion, and physical obstruction. Design-
ing and developing a UWA channel to achieve reliable com-
munication is more challenging for shallow water than deep
water. Factors like temperature gradients, surface noise, and
the influence of multipath propagation due to reflections have
more impact in shallow water than deep water [28].

It is required to predict the behavior of underwater acous-
tic channels to avoid the failure of underwater monitoring
missions. For acoustic waves, huge diversity can be seen in
the underwater channel as a propagation medium [29], [30].
Therefore, in this section, key indicating attributes of under-
water channel models are discussed. The factor of white
Gaussian noise is taken into account by integrating transmis-
sion support to the Gaussian channel.
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Moreover, multipath effects, especially the multipath
fading channel, is the key constraints in underwater com-
munication that need to be addressed. At last, the path
losses module must be taken into account that is brought
together by the aquatic surroundings. Path losses are the
losses due to absorption, scattering, and geometrical effects
like diffractions and reflections [31]. SNR and the available
bandwidth range of the channel can be determined via these
path losses [32]. Unlike the terrestrial channel, the multipath
formation in underwater has a diverse mechanism. The phe-
nomena of multipath propagation in water have numerous
means that are truly dependent on the depth and range of
communication.

Additive white Gaussian noise (AWGN) is used as a noise
model in wireless communication systems to reflect the
impairment caused by the linear addition of white noise [33].
The underwater channel has a vast diversity of propagation
mediums for the acoustic waves [34], [35]. In an aquatic
channel, Gaussian noise originates from various sources such
as thermal noise, shipping noise, and ocean turbulence. Mul-
tipath fading and Path losses are the major constraint of
the underwater communication channel. To make AWGN
channel appropriate for underwater acoustic communication
needs to construct a mathematical model for the modulated
signal. Gaining insight into the underlying behavior of the
system, a mathematical model for the modulated signal needs
to be constructed that takes account of multipath fading and
path loss by the aquatic environment. The conceptual repre-
sentation of the aquatic channel is represented in Figure 4(b).
The following equations show the mathematical expression
for noise generation.

cos (waft)
PRC (f) = ——— )
1 — (waft)
X = In(Rand]l) .cos 2w Rand2) (2)
level
Noise generator = 10( 20 >X Noise 3)
where,

level (dB) = Input signal (dB) — SNR(dB) @)

Equation (1) represent the root raise cosine filter. Where f is
frequency and « is roll off factor. Inter-symbol interference
(ISI) reduction is the main objective of using the root-raised
cosine filter. In a certain bandwidth, it is also practiced to
send the data that ultimately impact the BER value of all
corresponding modulations.

Here Box-Muller transform is applied on two (Randl and
Rand2) randomly generated values; noise is generated by
using the expression mentioned above in Equation (2), and
finally, AWGN is adjusted according to the value of level that
is calculated by using Equation (3). This model is designed
by using Coppens [36], derived expression for an aquatic
environment. Figure 4 (c) shows the internal structure of the
AWGN channel for UWA communication.

To represent the delay factor of signal transmission due
to the phenomenon of multipath fading and path loss effect,
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timing errors to input signals have been introduced; then,
they are passed through the channel. Finally, all signals are
combined afterward, and the output signal is taken from this
channel. This output pattern exhibits like the real underwater
channel outputs.

Reverse operations are performed on the received signal
at the receiver side. To recover the signal back into the
frequency domain, fast Fourier transform (FFT) is applied.
Then demodulation and de-interleaving are employed on the
received signal. Finally, the output signal is achieved after the
decoding process.

IIl. MATHEMATICAL MODELLING OF ACOUSTIC
CHANNEL FOR I0UT
This section first presents the acoustic channel’s character-
ization for IoUT and then discusses the estimation of link
reliabilities through the underwater channel model. Here,
we investigate the channel models for underwater environ-
ments. The models aim to calculate the packet error rate
(PER). The calculation of PER depends on BER, and it is esti-
mated by using SNR. In IoUT reliable data, the transmission
is a challenge due to variable channel conditions.
Electromagnetic waves propagate poorly in underwater.
Acoustics waves are the best medium for underwater com-
munication systems [37]. Water being a transmission medium
poses various challenges like propagation delay, signal to
noise ratio, transmission delay, spreading loss, propagation
sound, ambient noise, and absorption loss [38], [39]. Change
in the speed of sound is also suffered from various underwater
environmental factors like temperature, salinity, and pres-
sure [40]. These aforementioned factors are studied before
the construction of the channel model.

01172 44f2

= 2.75
D=1 o+t
x 10742 +0.003 5)
SSspherical spreading = 20 log(r) (6)

‘r’ is the transmission range in meters, and normally it
is 70 meters and 130 meters for shallow or deep water,
respectively [41].

When a signal travels from source to destination, some loss
in signal strength occurs, which is called spreading loss [42].
The spreading loss in dB is specified as

PLgpreading = k x 10log(r) @)

Here ‘k’ is the spreading factor, and its value is 1 for
cylindrical spreading and 2 for spherical spreading, whereas
‘r’ is the transmission range.

Transmission loss is defined as the reduction of sound
intensity when it travels from source to receiver [43].
It depends on the transmission range and frequency [44].
According to Thorp formula [35], [45], transmission loss in
dB is stated as:

TL =SS+ a (f) x r x 1073 ®)
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where attenuation factor « is expressed in dB and ‘f” is the
frequency in kHz.

When sound waves travel in water, viscous friction and
ionic relaxation occur, which becomes the cause for the loss
of energy in the sound signal. This absorption of heat energy
in water is called absorption loss [29]. It is expressed as:

PLabsorption =a Xrx 1073 &)
‘o’ is attenuation and is represented by Equation 5.
im
Multipath propagation is mainly caused by the refraction
in the water and the reflection of the wave at the surface,
bottom, or at any object. Salinity, temperature, and depth have
a strong impact on the propagation speed of an acoustic signal
in underwater. Its speed is approximately 1500 m/sec [25].
To calculate the acoustic wave propagation speed in the
water, which is purely based on salinity, temperature, and
depth of the sea, Equation (10).is used in [46].
C = 1448.96 + 4.591T — 5.304 x 107272
+2.374 x 107473 + 1.340 (S — 35)
+1.630 x 1072D + 1.675 x 107/ D?
—1.025 x 1072 (S — 35)
~7.139 x 10713 p? (10)
where T is the temperature, S is the salinity, and D is the depth
in the above Equation (10).
In UWSN, the accumulative sum of turbulence noise

(N (f)), shipping noise N; (f), wave noise N,, (f)And ther-
mal noise Ny, (f) is characterized as ambient noise [2].

N (f) = Nt (f) + Ns (f) + N (f) + N (f) (1)
where turbulence noise is
10logN; (f) = 17 — 301og(f) (12)
Shipping noise is:
10logN; (f) = 40 + 20 (s — 0.5) + 26 log(f) (13)
Wave noise is:

10logN,, = 50 + 7.5/w + 201og (f) — 401og(f + 0.4)
(14)
Thermal noise is:

10l0gNy, (f) = —15 + 201og () (15)

Noise approximation level can be calculated by using the
following Equation 16 [2].

Niever = 50 - 1810g (f) (16)

To calculate the link reliability on IoUT, we aim to calcu-
late the PER of links as PER refers to the reliability of links.
Underwater nodes are mobile and have variable distances
between them due to water current. These features of [oUT
lead to variable PER.
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Let y be the SNR. The SNR can be divided into four
parts [9], [27] and can be expressed as follows:

Yy = Stevel = Tloss — Nievel + Dindex a7

where Sicver, Tiosss Nievel 1, and D0, are the source level,
transmission loss, noise level, and directivity index, respec-
tively. The unit of each factor is dB.

The source level is defined as the effective level of
sound. In [47], the source level is expressed by following
Equation (18).

Sievel = 10[log(T) — log <0.67 x 10—18)] (18)

where I is transmitted signal intensity, it is different for shal-
low water and deep water. In [48], it is expressed by following
Equation (19) and Equation (20).

R (19)
T 22

P
Iy = 20
4T 4nr2 20)

Equation (19) shows I for shallow water, while Equation (20)
shows I for deep water. P is transmitter power in watt, and r is
the radius of the sphere in the meter. Using equations 18 and
19, we can compute the source level for shallow water, which
is expressed by Equation (21).

Sievet = 10 [log (P) — log (2772) — log (0.67 x 1071%) |
2D

Using equations 18 and 20, we can compute the source
level for deep water, which is expressed by Equation (22).

Sievel = 10[log (P) — log <4nr2) —log (0.67 x 10—18)]
(22)

Transmission Loss is a decrement in sound energy when it
travels from the sending node to the receiving node. In [47],
transmission loss is expressed by following Equation (23).

Tioss = 20log(d) + a(f) x d x 1073 (23)

Here d is the distance in the meter is the frequency in kHz,
and «(f) is the absorption coefficient in dB/km. Throp for-
mula [49] is used to calculate the absorption coefficient. It is
expressed by Equation (5). Noise level is expressed in terms
of turbulence noise, shipping noise, wave noise, and thermal
noise [2]. In [17] provide the approximation of noise level.
It can be calculated by using Equation (16).

An underwater hydrophone is omnidirectional so that DI
can be set as 0. By combing these Equations, we can compute
SNR by using Equation (24) for shallow water.

y =10 [log (P) —log (27rr2) — log <0.67 X 10_18)]
—20log (d) —a (f) x d x 1072 — 50
+18logf (24)

BER is highly dependent on the modulation scheme. For
underwater environments, eight phase-shift keying (8PSK)
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TABLE 1. Channel state information (CSI) at node G.

Path 1 Path 2 Path 3
Route CSI Parameters Route CSI Parameters Route CSI Parameters
Source:  Distanc SNR BER PER Source Distance SNR BER PER Source Distance SNR BER PER
G e :G :G
E 200 42 1.57 .690 D 300 49.481 2.81x .0.93 H 300 49.481 2.81 x 0.930
x107? 10° 10°
B 200 42 1.57 .690 A 200 42 1.57x .69 F 300 49.481 2.81 0.930
x107% 10° 10°
Sink: 400 37.20 4.76 0310  Sink:D 400 37.202 4.76 x 0.31 C 200 42 1.57x 0.690
A 2 x 107 10° 10°
- - - Sink: H -
Monitoring Center TABLE 2. System parameter.
T
A g = P Target successful delivery Probability
Sink PBSK Modulation Scheme
=) Rayleigh Fading [60] ChannelModel
2326/ 500m i (; " 16996 [200m Simulation Parameter according to Link Quest UW Modem [62]
(©) [ 3195 [400m 1 ) Packet size 30KB
A C
A (C)) 4 F Frequency 10KHz
~ B 93% |300m .
£3% 1200m 4 PT Transmitter Power [1-40] watt
69% [200m | ((0))
) «W)) F
D A
- E 93% |300m . .
9% [200m | (o)) using Equation (26).
93% |300m H
((0)) | 93% [300m
1 1010
Source BER(y) == |1—,|—— (25)
. . . 2 1+ 1010
FIGURE 5. Simulation scenario.
2
. . 1 K1010
is selected because 8PSK showed the best performance in BER (y) = —erfc,| ———-) (26)
underwater acoustic sensor networks [50] as BER calculation 2 K + 1010

depends on

SNR, the fluctuation in received signal power is different
for shallow water and deep water. Because in shallow water,
multipath fading occurs due to signals reflection from the
surface and the bottom and objects in the water. But in
deep water, it occurs due to ray bending. In [51], [52], they
suggested Rayleigh or Rician model for signal propagation.
Rayleigh fading is a suitable model for exhibiting the multi-
path effect in shallow and deep water; that is why the Rayleigh
fading channel is selected [53]. Minor fading effects are
often exhibited as Rayleigh or Rician fading [51], [52], while
other investigations propose K-distribution [54] or Weibull
distribution [17] for the above-mentioned purpose. In [55],
Urick suggests the Rician model to exhibit the amplitude
variations in the aquatic atmosphere. In [53], the authors
propose a Rician distribution to exhibit a blowy shallow water
channel model. To analyze the minimum transmitted power
in our research work, we have considered both Rician and
Rayleigh fading models. The BER of BPSK in a Rayleigh
fading channel is presented in [56].

For shallow water having BPSK in the Rician fading
channel [57], the average BER can be computed using
Equation (25). For deep water having BPSK in the Rayleigh
fading models[53], the average BER can be computed by
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When the SNR is equal to y, then BER (y) is predicted as
the number of bit errors per unit time over a communication
channel. Now PER can be calculated by using BER [58].
Where ‘Y’ is the number of bits in a packet. PER is given
by Equation (27).
PER =1 — (1 — BER)’ 27
In consideration of channel models, if transmitter power
is P, the transmission distance is d, and frequency is f, the
value of the SNR is y for IoUT. Then using the SNR y,
we can calculate the reliability (i.e., the BER) for IoUT.
In a precise way, one can say that if the transmitter power
is given with transmission distance and frequency, a quick
and accurate way of estimating the reliability in UWSNSs can
be provided by the channel model. It can also be used to

compute the energy efficiency of any FEC scheme by using
Equation (28) [49].

k
1 — PER
n+a( )

Eoy = (28)

In the case of the FEC scheme, n-k is payload bits, « is
header bits, and k is parity bits.
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TABLE 3. Characterisation of channel model.

Cylindrical ~ Spherical
Transmission  Absorption Propagation
Depth Temperature Salinity Spreading  Spreading
Frequency LossEq 8 Loss Loss
(m) (o¢) (ppt) Loss(dB) Loss(dB)
Where r=70m Eq9 Eql10
Eq7 Eq7
20 18 0.0374 10 13.010 26.020 84.971 0.237 1475.390
30 15 0.0360 15 14.770 28.540 84.972 0.356 1466.030
50 10 0.0353 20 16.980 33.960 84.974 0.593 1448.160
Cylindrical ~ Spherical
Depth  Temperature Salinity Transmission  Absorption Propagation
Frequency Spreading Spreading
(m) (o¢) (ppt) Loss Loss Loss
Loss(dB) Loss(dB)
500 8 0.0351 10 20.790 41.580 100.213 1.424 1446.620
1000 6 0.0490 15 21.130 42.260 100.215 1.543 1446.410
1500 4 0.0340 20 21.760 42.520 100.216 1.780 1445.510

TABLE 4. Transmission energy consumption for shallow and deep water.

TABLE 5. Reception energy consumption for shallow and deep water.

Shallow Water Deep Water
Distance Distance
Power Power
between two . between two .
Consumption Consumption
Nodes Nodes
50 0.140mw 500 12w
150 0.280mw 600 14.400w
200 4.20mw 700 16.800w

IV. EXPERIMENTAL SETUP

An underwater acoustic network with two nodes (source,
sink) is considered. The frequency at which these nodes
communicate is 10KHz, and transmitter power is considered
2Watts.

Figure 5 shows the scenario as mentioned earlier. It shows
three possible paths from the source sensor node (i.e., node G)
to the sink node (i.e., node on the surface of the water). Each
link is labeled with the link distance and the link budget. Link
distance is the calculated angle between its vertical direction
and direction of propagation. Moreover, it does not depend on
location information as it is directly accessible by directional
antennas.

Table 1 shows that two nodes having the largest distance
are less prone to error. By selecting higher order modulation
scheme, a high data rate can be achieved. A scenario is being
considered to emphasize the reliability of the link between
a pair of connected nodes in UWSNSs. Analysis of the link
budget reveals that the shortest path is not always the most
reliable path. Based on multilevel priority, the shortest path
routing protocol is required to resolve this problem. The basic
idea to choose this MRP-routing algorithm is that the best
next hop is selected in comparison to multiple priorities.
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Shallow water Deepwater
Distance between Power Distance between Power
two Nodes Consumption two Nodes Consumption
50 190mw 500 14w
150 380mw 600 16.400w
200 6.200mw 700 17.800w
TABLE 6. Information of link budget for different ranges.
Range Transmissi Noise SNR BER PER
on Loss Level
100 46.2 32 42 1.57x10-5 .690
300 50 32 49.4 2.817x10-5 0.93
400 52.5 32 37.2 4.76x10-5  0.31

These priorities are the primary priority and secondary pri-
ority. Here primary priority defines distance, and residual
energy and secondary priority refer to link quality. Node
with a long network lifetime and less delay is selected as
the best next-hop. Also, Link distance is of great importance,
and these two things fulfill the criteria for primary priority.
If multiple candidates’ nodes compete with the same primary
priority, link quality (secondary priority) plays an important
role. As MRP not only shortens the delay but also reduces net-
work energy consumption. In other words, by using primary
and secondary priority mechanisms, MRP selects the reliable
transmission route based on link quality to reduce the number
of re-transmissions and it ensures the efficient utilization of
bandwidth.
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FIGURE 6. Performance analysis of 1oUT channel for shallow water.
(a) Simulation of the Signal-to-Noise Ratio (SNR) performance for
shallow-water when the channel models are applied to different
transmitter powers (1-2W) and distances (20-100 m). (b) Simulation of
the Bit-Error-Rate (BER) performance for shallow-water when the channel
models are applied to different transmitter powers (1-2W) and distances
(20-100 m). (c) Simulation of the Packet Error Rate (PER) performance for
shallow-water when the channel models are applied to different
transmitter powers (1-2W) and distances (20-100 m).
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FIGURE 7. Performance analysis of 1oUT channel for shallow water.

(a) Simulation of the Signal-to-Noise Ratio (SNR) performance for
shallow-water when the channel models are applied to different
transmitter powers (20-40W) and distances (100-1500 m). (b) Simulation
of the Bit-Error-Rate (BER) performance for shallow-water when the
channel models are applied to different transmitter powers (20-40W)
and distances (100-1500 m). (c) Simulation of the Packet Error Rate (PER)
performance for shallow-water when the channel models are applied to
different transmitter powers (20-40W) and distances

(100-100 m).
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Channel state information at node ‘G’ is depicted in
table 1, which helps node ‘G’ in the adaption of modulation
scheme based on link budget analysis and the distance of
nearby node. As channel conditions are continuously varying
so to achieve standard output fixed modulation scheme is
not suitable. Hence, an adaptive modulation scheme is pro-
posed. Transmitter uses CSI to select modulation scheme.
CSI carries information about SNR, BER, PER, and dis-
tance for the last transmission of the corresponding link
between nodes. At the transmitter, a reverse channel is
needed. Table 1 shows that Route 2 is less prone to error.
In such a case, data will be preferably transmitted over this
link with a higher-order modulation scheme as lower-order
modulation schemes are more immune to noise. They are
selected to transmit a low data rate for a given bandwidth.
For higher data rates high order modulation schemes are
preferred.

On the other hand, Route 2 is longer than Routel. As route
2 is less noisy, so there are very high chances of successful
transmission in a single attempt. If more than one routes have
the same length then a less noisy route is selected to achieve
reliable data transmission.

Underwater acoustic communication is suffered from inad-
equate bandwidth that is influenced by transmission range
and frequency. In recent years, many researchers have
addressed efficient bandwidth utilization [59], [60], propaga-
tion delay [61], [62], energy efficiency [8], [63], deployment
policies [48], [64], and routing algorithms [65] but there is
very less research work to deal with aforementioned peculiar
features for IoUT. These features have a strong impact on
link reliability. In IoUT, the transmission energy consump-
tion is 100 times greater than the reception [66]. Numerous
re-transmissions will ultimately result in long propagation
delay, inefficient bandwidth utilization, and power consump-
tion. So, link reliability is a serious issue for IoUT that
needs to be addressed in current research. Unlike the existing
research work, a channel model is designed to estimate link
reliability by considering all the factors mentioned above to
calculate CSI accurately.

This approach increases the reliable data transmission
over the acoustic link with efficient bandwidth utiliza-
tion. Reliability in data transmission reduces the number
of re-transmissions to decrease propagation delay and
energy consumption. Hence overall efficiency of the system
improves by this strategy.

There are three possible routes from node ‘G’ to sink
node, and Routel is the shortest route. If distance as a single
factor is considered, it will be the best route, but this route
is more prone to error, as shown by the PER parameter of
CSI. By selecting Routel for communication, it will be done
via lower order modulation scheme as it is more immune to
noise. This will lead to communication at a low data rate.
It requires more energy consumption per bit transmission. Itis
also inefficient utilization of available bandwidth. This route
poses a high PER which increases the chances of request for
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packet re-transmission. Ultimately introduces a delay in data
transmission.

V. ASSESSMENT AND PERFORMANCE EVALUATION

In this section, the results of the proposed communica-
tion system for IoUT are discussed. The simulations were
conducted using MATLAB. Here, we select the BPSK
modulation scheme and Rician Channel Model for shallow
water. We set parameters according to commercially avail-
able acoustic modems i-e Link Quest UWM1000. We adjust
operating frequency 10 kHz, Packet size 50 bytes, and trans-
mission range 100m. Transmitting, receiving, and idling
power consumption is 1w-2w, 10mw, and .1w, respectively.
Table 2 shows simulation parameters of underwater WSN.
Table 3 shows the characterization of the channel model.
Transmission loss is inversely related to transmission distance
as expressed in Equation (8); when transmission distance
increases, transmission loss will decrease, and ultimately
SNR will decrease; the same is true for transmission power.

It is also investigated that SNR has a direct relation with
transmitter power. We calculated SNR and then BER. The
packet delivery ratio is calculated by applying packet size
on BER. Performance analysis of channel is done by con-
sidering three factors (i) SNR (ii) BER (iii) Packet delivery
ratio. Figure 6 (a) and 7 (a) shows that SNR is inversely
proportional to transmission distance.

Equation (17) expresses that SNR comprises four main
terms; transmission loss, source level, noise level, and direc-
tive index. Transmission loss has a direct impact on SNR.
This model also analyses the behavior of BER against dif-
ferent transmission distances. BER has a direct relation with
SNR, but SNR has an inverse relation with transmission
distance. Figures 6 (b) and 7 (b) plot the BER versus trans-
mission distance and show that BER is high for smaller
transmission distances and low for others. BER is inversely
related to the transmitter power, and simulation results for
packet delivery ratio show that their behavior is similar to
BER, as shown in Figures 6 and 7(c).

Here a proposed model is extended to determine the entire
energy consumption to send a packet over the network. The
energy consumed at a node is calculated by knowing the
values of transmission power (Tp), Packet size PI, data rate
(DR) of the acoustic channel, and d distance between two

nodes.
Z Total = Z tx + er (29)

where ) tx is the amount of energy consumed when a data
packet is transmitted and Y rx is the amount of energy con-
sumed when a data packet is received. Where ) Total is the
total amount of energy consumed while transmitting a packet
from node N-1 to the nth node. The mathematical expression
is given as follows [3].

Etx = (Ptx * Pl xd)/D (30)

where Ptx is transmission power, and P! is packet size, d is
the distance between two nodes, and DR is the data rate.
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TABLE 7. Analysis of BER w.r.t different modulation.

SN SNR BER BER BER BER BER BER BER BER
.No
(QAM-256) (QAM-64)  (QAM-16) (QAM)  (PSK-256) (PSK-64) (PSK-16) (BPSK)
1 .850 0.238 0.180 0.122 0.135 0.354 0.320 0.254 0.0600
2 1 0.236 0.178 0.118 0.130 0.351 0.317 0.249 0.0565
3 3 0.197 0.137 0.0776 0.0793 0.333 0.293 0.202 0.0229
4 3.50 0.187 0.128 0.0673 0.0672 0.327 0.285 0.190 0.0170
5 6.50 0.132 0.0755 0.0220 0.0172 0.296 0.246 0.114 0.00140
6 7 0.124 0.0683 0.0170 0.0125 0.293 0.238 0.101 0.0008
7 7.50 0.116 0.0594 0.0128 0.00870 0.286 0.230 0.090 0.0004
8 10 0.078 0.0270 0.00180 0.00870 0.264 0.196 0.039 0
9 12 0.0537 0.0100 0.000200 0 0.241 0.163 0.0140 0
10 13 0.0409 0.00540 0.0000 0 0.233 0.148 0.00740 0
TABLE 8. Switching thresholds level. amplitude modulation (QAM-16) that gives the desired per-
formance at SNR below 3dB. PSK-16 and QAM-64 can also
A . .
S.No. SNR Modulation be recommended for BER 10”-3 dB while SNR should be in
the range of 7 7.5 dB to 13 dB.
1 SNR<3 BPSK, QAM-16 Lower order modulation techniques perform well in case
) 3 5<SNR<7 5 PSK-16, QAM-64 of h1gl.1 SNR while higher order modulation technique serves
better in the case of low SNR. The performance comparison
3 SNR>23 PSK-64, QAM-256 of different modulation schemes is based on BER.

The mathematical expression for reception energy is given
as follows [67].

Erx = (Prx x Pl xd)/DR (€2))
For transmission and reception energy consumption of shal-
low water, we set parameters according to the commercially
available acoustic modem, i.e., Link Quest UWM1000 for
shallow water. To find transmission and reception energy
consumption for deep water, we set parameters according
to commercially available acoustic modem i-e Link Quest
UWMI10000 for deep water. Table 4 and Table 5 show
transmission and reception energy consumption, respectively.
Both Equation (30) and Equation (31) show that transmission
and reception power are directly proportional to transmission
distance. Tables 4 and 5 show that when distance increases,
more power is required. It can be concluded that if nodes
are deployed sparsely, they should be potentially heavier
for better performance, which is ultimately more expensive.
These results indicate the trade-off between performance and
cost. Here, Table 6 shows link budget analysis w.r.t different
ranges.

Detailed simulation results are carried out by using the pro-
posed scheme in section 2 shown in Table 7. In Table 8, com-
parative analysis finds out that for operating BER of 107-3,
there are Binary Phase-shift keying (BPSK) and quadrature
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VI. CONCLUSION AND FUTURE RECOMMENDATIONS

In this research work, useful information about IoUT, its
application, and its challenges are discussed. The paper also
provides a MATLAB simulation for different attributes of
underwater acoustic communication system. The results from
these observations can further be used to current research may
encounter new concerns about existing IoUT protocol if in
designing a perfect underwater communication model. Ter-
restrial channel models are replaced by practical underwater
channel models. Therefore, existing IoUT protocols need to
be revised and refined.

Researcher can apply this channel model to explore the var-
ious parameters like operating frequency, transmission range
and Doppler’s effect on reliable data transmission. This chan-
nel model can be used to investigate the link budget analysis
for designing routing protocols. It can also be used to measure
the performance of other communication protocols that can
be observed by investigating the successful packet delivery
ratio, average end-to-end delay, and energy consumption.

REFERENCES

[1] A. Zanella, N. Bui, A. Castellani, L. Vangelista, and M. Zorzi, ““Internet
of Things for smart cities,” IEEE Internet of Things Journal, vol. 1, no. 1,
pp. 22-32, Feb. 2014.

[2] J.Llor, E. Torres, P. Garrido, and M. P. Malumbres, “Analyzing the behav-
ior of acoustic link models in underwater wireless sensor networks,” in
Proc. 4th ACM Workshop Perform. Monitor. Meas. Heterogeneous Wireless
Wired Netw. (PM HW N), Oct. 2009, pp. 9-16.

VOLUME 10, 2022



N. Ishaque, M. A. Azam: Reliable Data Transmission Scheme for Perception Layer of Internet of Underwater Things (loUT)

IEEE Access

[3]

[4]

[51

[6]

[71

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

H. Ochoa-Garcia and S. Rist, ““Water justice and integrated water resources
management: Constitutionality processes favoring sustainable water gov-
ernance in Mexico,” Human Ecol., vol. 46, no. 1, pp. 51-64, Feb. 2018,
doi: 10.1007/s10745-017-9958-6.

S. Rani, S. H. Ahmed, J. Malhotra, and R. Talwar, “Energy efficient chain
based routing protocol for underwater wireless sensor networks,” J. Netw.
Comput. Appl., vol. 92, pp. 42-50, Aug. 2017.

R. Headrick and L. Freitag, “Growth of underwater communication tech-
nology in the U.S. Navy,” IEEE Commun. Mag., vol. 47, no. 1, pp. 80-82,
Jan. 2009.

B. Benson, Y. Li, R. Kastner, B. Faunce, K. Domond, D. Kimball, and
C. Schurgers, Design of a Low-Cost, Underwater Acoustic Modem for
Short-Range Sensor Networks. Piscataway, NJ, USA: IEEE, May 2010.

J. Heidemann, M. Stojanovic, and M. Zorzi, ‘‘Underwater sensor networks:
Applications, advances and challenges,” Philos. Trans. Roy. Soc. Lon-
don A, Math. Phys. Sci., vol. 370, no. 1958, pp. 158-175, Jan. 2012, doi:
10.1098/rsta.2011.0214.

A. Wahid, S. Lee, and D. Kim, “A reliable and energy-efficient routing
protocol for underwater wireless sensor networks,” Int. J. Commun. Syst.,
vol. 27, no. 10, pp. 2048-2062, 2014, doi: 10.1002/dac.2455.

R. Jurdak, L. CV, and P. Baldi, “Battery lifetime estimation and optimiza-
tion for underwater sensor networks,” in Proc. IEEE Sensor Netw. Oper.,
Jun. 2004, pp. 397-420.

S. Shankar and M. Jayasuria, “Data driven algorithms to tune physi-
cal layer parameters of an underwater communication link,” in Proc.
OCEANS, Aug. 2020, pp. 1-5.

R. Daniels and R. W. Heath, Jr., “Online adaptive modulation and coding
with support vector machines,” in Proc. Eur. Wireless Conf., Apr. 2020,
pp. 718-724.

S. Wahls and H. V. Poor, “An outer loop link adaptation for BICM-OFDM
that learns,” in Proc. IEEE 14th Workshop Signal Process. Adv. Wireless
Commun. (SPAWC), Jun. 2013, pp. 719-723.

P. Casari and A. F. Harris, “Energy-efficient reliable broadcast in under-
water acoustic networks,” in Proc. 2nd Workshop Underwater Netw.
(WuWNet), 2007, pp. 49-56.

A. F. Harris and M. Zorzi, “Modeling the underwater acoustic channel in
ns2,” in Proc. 2nd Int. Conf. Perform. Eval. Methodol. Tools (ICST), 2007,
p- 18.

P. King, R. Venkatesan, and C. Li, “An improved communications model
for underwater sensor networks,” in Proc. IEEE Global Telecommun. Conf.
(IEEE GLOBECOM), Nov. 2008, pp. 1-6.

D. E. Lucani, M. Stojanovic, and M. Médard, ‘‘On the relationship between
transmission power and capacity of an underwater acoustic communication
channel,” in Proc. MTS/IEEE Kobe Techno-Ocean (OCEANS), Apr. 2020,
pp. 1-6.

M. Stojanovic, “On the relationship between capacity and distance in an
underwater acoustic communication channel,” ACM SIGMOBILE Mobile
Comput. Commun. Rev., vol. 11, no. 4, pp. 34-43, Oct. 2007.

A. Baggeroer, “Acoustic telemetry—An overview,” IEEE J. Ocean. Eng.,
vol. JOE-9, no. 4, pp. 229-235, Oct. 1984.

R. Galvin and R. F. W. Coates, “Analysis of the performance of an under-
water acoustic communications system and comparison with a stochastic
model,” in Proc. OCEANS, vol. 3, Sep. 1994, pp. 3-478.

Z. Fang, J. Wang, C. Jiang, Q. Zhang, and Y. Ren, “Aol-inspired col-
laborative information collection for AUV-assisted internet of underwa-
ter things,” IEEE Internet Things J., vol. 8, no. 19, pp. 14559-14571,
Oct. 2021.

J.-B. Seo and J. Choi, “On the outage probability of peak age-of-
information for D/G/1 queuing systems,” IEEE Commun. Lett., vol. 23,
no. 6, pp. 1021-1024, Jun. 2019.

M. T.R.Khan, Y.Z. Jembre, S. H. Ahmed, J. Seo, and D. Kim, “‘Data fresh-
ness based AUV path planning for UWSN in the internet of underwater
things,” in Proc. IEEE Global Commun. Conf. (GLOBECOM), Dec. 2019,
pp. 1-6.

R. W. L. Coutinho, A. Boukerche, L. F. M. Vieira, and A. A. F. Loureiro,
“EnOR: Energy balancing routing protocol for underwater sensor net-
works,” in Proc. IEEE Int. Conf. Commun. (ICC), May 2017, pp. 1-6.

K. Kredo, P. Djukic, and P. Mohapatra, “STUMP: Exploiting position
diversity in the staggered TDMA underwater MAC protocol,” in Proc. 28th
Conf. Comput. Commun. (IEEE INFOCOM), Apr. 2009, pp. 2961-2965.
B. Tomasi, G. Toso, P. Casari, and M. Zorzi, “Impact of time-varying
underwater acoustic channels on the performance of routing protocols,”
IEEE J. Ocean. Eng., vol. 38, no. 4, pp.772-784, Oct. 2013, doi:
10.1109/JOE.2013.2279735.

VOLUME 10, 2022

(26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]
[35]

(36]

(37]

(38]

(391

(40]

[41]

(42]

[43]

(44]

[45]

[46]

[47]

(48]

M. A. Chitre, J. R. Potter, and S.-H. Ong, “Optimal and near-optimal signal
detection in snapping shrimp dominated ambient noise,” IEEE J. Ocean.
Eng., vol. 31, no. 2, pp. 497-503, Apr. 2006.

M. Felamban, B. Shihada, K. Jamshaid, M. Felemban, B. Shihada, and
K. Jamshaid, “Optimal node placement in underwater wireless sensor
networks,” in Proc. IEEE 27th Int. Conf. Adv. Inf. Netw. Appl., Mar. 2013,
pp. 492499, doi: 10.1109/AINA.2013.40.

Z. Babar, Z. Sun, L. Ma, and G. Qiao, “Shallow water acoustic channel
modeling and OFDM simulations,” in Proc. OCEANS MTS/IEEE Mon-
terey, Sep. 2016, pp. 1-6.

R. Jurdak, C. V. Lopes, and P. Baldi, “Software acoustic modems for
short range mote-based underwater sensor networks,” in Proc. Asia Pacific
(OCEANS), May 2006, pp. 1-7.

M. West, T. Collins, J. Bogle, A. Melim, and M. Novitzky. (2011).
An Overview of Autonomous Underwater Vehicle Systems and Sen-
sors at Georgia Tech. Accessed: Oct. 8, 2021. [Online]. Available:
http://hdl.handle.net/1853/38875

B. Ahcene, V. Thierry, C. Eric, and P. Fabrie, “Modelling and simulation
of underwater acoustics communication based on stateflow ans simulink
models,” in Proc. IEEE 3rd Int. Conf., Jun. 2005, pp. 1-7.

N. Nasri, A. Kachouri, L. Andrieux, and M. Samet, “Design considerations
for wireless underwater communication transceiver,” in Proc. 2nd Int.
Conf. Signals, Circuits Syst., Nov. 2008, pp. 1-5.

E. M. Scheuer and D. S. Stoller, “On the generation of normal ran-
dom vectors,” Technometrics, vol. 4, no. 2, pp. 278-281, May 1962, doi:
10.1080/00401706.1962.10490011.

L. E. Kinsler, A. R. Frey, A. B. Coppens, and J. V. Sanders, Fundamentals
of Acoustics. Hoboken, NJ, USA: Wiley, Jan. 2000.

R. 1. Urick, Principles of Underwater Sound for Engineers, 3rd ed.
New York, NY, USA: McGraw-Hill, 1967.

S. Sendra, J. Lloret, J. M. Jimenez, and L. Parra, ‘“Underwater acoustic
modems,” IEEE Sensors J., vol. 16, no. 11, pp. 4063-4071, Jun. 2016, doi:
10.1109/JSEN.2015.2434890.

M. Chitre, S. Shahabudeen, L. Freitag, and M. Stojanovic, ‘“Recent
advances in underwater acoustic communications & networking,” in Proc.
OCEANS, 2008, pp. 1-10.

W. Chen, H. Yu, Q. Guan, F. Ji, and F. Chen, “Reliable and opportunistic
transmissions for underwater acoustic networks,” IEEE Netw., vol. 32,
no. 4, pp. 94-99, Jul. 2018.

G. Cossu, A. Sturniolo, A. Messa, S. Grechi, D. Costa, A. Bartolini,
D. Scaradozzi, A. Caiti, and E. Ciaramella, ““Sea-trial of optical Ethernet
modems for underwater wireless communications,” J. Lightw. Technol.,
vol. 36, no. 23, pp. 5371-5380, Dec. 1, 2018.

S. Kohli and P. P. Bhattacharya, ““Characterization of acoustic channel for
underwater wireless sensor networks,” in Proc. Annu. IEEE India Conf.
(INDICON), Dec. 2015, pp. 1-4.

H. R. Sharif and Y. S. Kavian, Eds., Technological Breakthroughs in
Modern Wireless Sensor Applications. Hershey, PA, USA: IGI Global,
Mar. 2015.

S. Anandalatchoumy and G. Sivaradje, “‘Comprehensive study of acoustic
channel models for underwater wireless communication networks,” Int. J.
Cybern. Informat., vol. 4, no. 2, pp. 227-240, Apr. 2015.

A. Ahmed, J. G. Kolo, M. O. Olaniyi, and J. Agajo, “Towards a fully
cooperative multi-agent reinforcement learning based media access control
protocol for underwater acoustic wireless sensor networks,” in Proc. Int.
Conf. Comput. Res. Innov. (OcRI), Ibadan, Nigeria, Sep. 2016.

J. Sirvent, “Realistic acoustic prediction models to efficiently design
higher layer protocols in underwater wireless sensor networks,”
Ph.D. dissertation, Universidad Miguel Herndndez de Elche, Elche,
Spain, 2012.

W. H. Thorp, “Analytic description of the low-frequency attenuation
coefficient,” J. Acoust. Soc. Amer., vol. 42, no. 1, p. 270, Jul. 1967, doi:
10.1121/1.1910566.

K. V. MacKenzie, ‘“Nine-term equation for sound speed in the
oceans,” Acoust. Soc. Amer. J., vol. 70, pp. 807-812, Sep. 1981, doi:
10.1121/1.386920.

C.-C. Kao, Y.-S. Lin, G.-D. Wu, and C.-J. Huang, ““A study of applications,
challenges, and channel models on the internet of underwater things,” in
Proc. Int. Conf. Appl. Syst. Innov., 2017, pp. 1375-1378.

P. Balazy, P. Kuklinski, and J. Berge, “Diver deployed autonomous

time-lapse camera systems for ecological studies,” J. Mar
Eng. Technol., vol. 17, no. 3, pp.137-142, Sep. 2018, doi:
10.1080/20464177.2017.1357164.

979


http://dx.doi.org/10.1007/s10745-017-9958-6
http://dx.doi.org/10.1098/rsta.2011.0214
http://dx.doi.org/10.1002/dac.2455
http://dx.doi.org/10.1109/JOE.2013.2279735
http://dx.doi.org/10.1109/AINA.2013.40
http://dx.doi.org/10.1080/00401706.1962.10490011
http://dx.doi.org/10.1109/JSEN.2015.2434890
http://dx.doi.org/10.1121/1.1910566
http://dx.doi.org/10.1121/1.386920
http://dx.doi.org/10.1080/20464177.2017.1357164

IEEE Access

N. Ishaque, M. A. Azam: Reliable Data Transmission Scheme for Perception Layer of Internet of Underwater Things (IoUT)

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

980

H. Yang and B. Liu, “Optimization of energy efficient transmission in
underwater sensor networks,” in Proc. IEEE Global Telecommun. Conf.,
Nov. 2009, pp. 1-6.

Y. Labrador, M. Karimi, D. Pan, and J. Miller, “Modulation and error
correction in the underwater acoustic communication channel,” Int. J.
Comput. Sci. Netw. Secur., vol. 9, no. 7, pp. 123-130, 2009.

M. Chitre, “A high-frequency warm shallow water acoustic communica-
tions channel model and measurements,” J. Acoust. Soc. Amer., vol. 122,
no. 5, p. 2580, 2007, doi: 10.1121/1.2782884.

X. Geng and A. Zielinski, “An eigenpath underwater acoustic communica-
tion channel model,” in Proc. Challenges Our Changing Global Environ.
Conf. OCEANS, vol. 2, Oct. 1995, pp. 1189-1196.

C. Bjerrum-Niese and R. Lutzen, “Stochastic simulation of acoustic com-
munication in turbulent shallow water,” IEEE J. Ocean. Eng., vol. 25, no. 4,
pp. 523-532, Oct. 2000.

W.-B. Yang and T. C. Yang, “Characterization and modeling of underwater
acoustic communications channels for frequency-shift-keying signals,” in
Proc. OCEANS, Sep. 2006, pp. 1-6.

R. J. Urick, “Models for the amplitude fluctuations of narrow-band signals
and noise in the sea,” J. Acoust. Soc. Amer., vol. 62, no. 4, pp. 878-887,
Oct. 1977, doi: 10.1121/1.381608.

T. Rappaport, Wireless Communications: Principles and Practice. Upper
Saddle River, NJ, USA: Prentice-Hall, 1996.

W. Lindsey, “Error probabilities for Rician fading multichannel reception
of binary and n-ary signals,” IEEE Trans. Inf. Theory, vol. IT-10, no. 4,
pp. 339-350, Oct. 1964.

A. Wang, W. B. Heinzelman, A. Sinha, and A. P. Chandrakasan, “‘Energy-
scalable protocols for battery-operated microsensor networks,” J. VLSI
Signal Process. Syst. Signal Image Video Technol., vol. 29, no. 3,
pp. 223-237, 2001, doi: 10.1023/A:1012235530463.

Y. D. Chen, S. S. Liu, C. M. Chang, and K.-P. Shih, “CS-MAC: A channel
stealing MAC protocol for improving bandwidth utilization in underwa-
ter wireless acoustic networks,” in Proc. InOCEANS MTS/IEEE KONA
Sep. 2011, pp. 1-5.

H. Fahim, N. Javaid, U. Qasim, Z. A. Khan, S. Javed, A. Hayat, Z. Igbal,
and G. Rehman, “Interference and bandwidth aware depth based routing
protocols in underwater WSNs,” in Proc. 9th Int. Conf. Innov. Mobile
Internet Services Ubiquitous Comput., Jul. 2015, pp. 78-85.

Y. S. Chen, T. Y. Juang, Y. W. Lin, and I. C. Tsai, “’A low propagation delay
multi-path routing protocol for underwater sensor networks,” Internet
Technol. J., vol. 11, no. 2, pp. 153-165, Mar. 2010.

C. Gao, Z. Liu, B. Cao, and L. Mu, “Relay selection scheme based on
propagation delay for cooperative underwater acoustic network,” in Proc.
Int. Conf. Wireless Commun. Signal Process., Oct. 2013, pp. 1-6.

J. Xu, K. Li, G. Min, K. Lin, and W. Qu, “Energy-efficient tree-based
multipath power control for underwater sensor networks,” IEEE Trans.
Parallel Distrib. Syst., vol. 23, no. 11, pp. 2107-2116, Nov. 2012.

C. Petrioli, R. Petroccia, D. Spaccini, A. Vitaletti, T. Arzilli, D. Lamanna,
A. Galizial, and E. Renzi, “The SUNRISE GATE: Accessing the SUN-
RISE federation of facilities to test solutions for the internet of underwater
things,” in Proc. Underwater Commun. Netw. (UComms), Sep. 2014,
pp. 1-4.

[65] Z.Zhou, B. Yao,R. Xing, L. Shu, and S. Bu, “E-CARP: An energy efficient
routing protocol for UWSNSs in the internet of underwater things,” IEEE
Sensors J., vol. 16, no. 11, pp. 4072-4082, Jun. 2016.

[66] J. Partan, J. Kurose, and B. N. Levine, “A survey of practical issues in
underwater networks,” ACM SIGMOBILE Mobile Comput. Commun. Rev.,
vol. 11, no. 4, pp. 23-33, Oct. 2007.

[67] G. Cossu, A. Sturniolo, A. Messa, S. Grechi, D. Scaradozzi, A. Caiti, and
E. Ciaramella, ““Sea-trial of an Ethernet-based underwater VLC commu-
nication system,” in Proc. Opt. Fiber Commun. Conf., 2018, p. Tu2l-2.

NOSHINA ISHAQUE received the B.Sc. and
M.Sc. degrees in computer engineering from the
University of Engineering and Technology (UET)
at Taxila, Pakistan, where she is currently pursuing
the Ph.D. degree in computer engineering. She is
also working as a Lecturer with the Department
of Computer Engineering, UET at Taxila. Her
research interests include the Internet of Things
and artificial intelligence.

MUHAMMAD AWAIS AZAM received the B.Sc.
degree in computer engineering from the Uni-
versity of Engineering and Technology (UET) at
Taxila, Pakistan, in 2006, the M.Sc. degree (Hons.)
in wireless networks from the Queen Mary Uni-
versity of London, London, U.K., in 2008, and the
Ph.D. degree in pervasive and ubiquitous comput-
. ing from London, in 2012. From 2006 to 2007,

e, 1§ he was a Lecturer at UET at Taxila. From

. ! May 2012 to July 2013, he worked as the Head of

Academics at the Cromwell College of IT and Management, London. From
August 2013 to 2019, he worked as an Assistant Professor at the Department
of Computer Engineering, UET at Taxila. He is currently working as the
Head of the School IT at Whitecliffe. He leads a research team of M.Sc.
and Ph.D. students in the area of pervasive and ubiquitous computing. His
research interests include network architecture, the IoT, network security,
embedded systems, wireless communications, opportunistic networks, and
recommender systems. He won the Gold Medal for his B.Sc. degree, in 2006.

VOLUME 10, 2022


http://dx.doi.org/10.1121/1.2782884
http://dx.doi.org/10.1121/1.381608
http://dx.doi.org/10.1023/A:1012235530463

